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Cobalt oxide thin films (thickness 2000 A) with different stoichiometries were deposited by 
reactive rf sputtering. The variation of the oxygen partial pressure lead to films with 
compositions varying from metallic cobalt to C0304, as determined by x-ray diffraction and 
x-ray photoelectron spectroscopy. The electrochromic properties of the films were investigated 
in aqueous electrolytes (0.1 M KOH). The initial electrochemical behavior of the films is 
strongly dependent on the film deposition conditions, but after cycling the electrochemical/ 
electrochromic characteristics of the different deposits were quite similar. Transmittance 
changes and electrochromic efficiency are discussed. 
1. INTRODUCTION II. EXPERIMENT 
Electrochromic devices for light modulation, as rear- 
view automobile mirrors’ or “smart windows,“293 have un- 
dergone great development in the last years. These multi- 
layered electrochemical devices normally have a thin film 
of W03 as the optical active element. Since W03 is a ca- 
thodically coloring materiaL4 two different routes have 
been followed in order to develop suitable counter elec- 
trodes. The first one proposes counter electrodes which are 
electrochemically compatible with the system, having high 
charge capacity, but are optically passive.5’6 The other 
route proposes a “rocking chair” type device. In this last 
case, the counter electrode, besides being electrochemically 
compatible, is also optically compatible (an anodically col- 
oring material). The great majority of “rocking chair” de- 
vices uses nickel oxide counter electrodes.7-9 Other 3d 
transition metal oxides, as MnO, and TiO, , were proposed 
as suitable counter electrodes, but are studied less 
frequently. “vi ’ 
Thin films of cobalt oxide were prepared by rf magne- 
tron sputtering from a high purity (99.9%) Co target onto 
7059 Coming glass substrates, with or without a Sn02 
coating (sheet resistivity - 16 a/O). After evacuation to a 
pressure p<8X 10m6 Torr, pure oxygen and argon gases 
were introduced inside the reaction chamber, maintained 
at a total pressure p ( O2 + Ar) = 8.5 x 10m3 Torr. The dis- 
charge power was set at values of 100 or 150 W. Presput- 
tering was performed for 5 min prior to deposition onto 
unheated substrates placed 15 cm above the target. The 
thickness of the films was determined by a mechanical sty- 
lus instrument (o-Step 200, Tencor Instruments). The 
coatings were deposited under different oxygen partial 
pressures p( O,), in order to analyze the influence of the 
oxygen flux and the deposition rate on the structural char- 
acteristics of the films. 
The electrochromic effect in cobalt oxide films has 
been little explored. * ‘*12 Recently, we pointed out this effect 
in electrochemically deposited COO, hydrated films, l3 
showing that this compound is an anodically coloring ma- 
terial with suitable electrochromic behavior. In the present 
work, we studied cobalt oxide thin films deposited by rf 
reactive sputtering. The electrochemical/electrochromic 
behavior of films with different compositions was followed 
in basic aqueous electrolytes. The structure and composi- 
tion of the as-grown and the aged material were analyzed 
by x-ray diffraction (XRD) and x-ray photoelectron spec- 
troscopy (XPS) . The electrochromic efficiency of the films 
was also calculated. 
The XRD experiments were performed in a conven- 
tional diffractometer, operating at 0.8 kW power, using 
Fe-filtered Co Ka radiation. The 28 angular range was 
between lo” and 80”, with a step scanning of 0.05” and 
counting time of 10 s. The XPS experiments were per- 
formed with an equipment ESCA-36 (McPherson Co.) 
using Al Ka. The binding energies were referenced to the 
C 1s line of surface carbon taken as 284.6 eV. The pressure 
in the chamber was kept around 8X 10m7 Torr. 
The electrochemical experiments were carried out in a 
three electrode cell. A platinum counter electrode and a 
saturated calomel reference electrode (SCE) were used. 
The working electrode was the Co0,/Sn02/glass. The 
measurements were performed with a PAR 173 poten- 
tiostat connected with a PAR 175 universal programmer. 
The data were registered in a X-Y,-Y2 recorder. 
“Author to whom correspondence should be addressed. 
The electrochromic effects were studied during poten- 
tiodynamic cycling in a 0.1 M KOH aqueous electrolyte, 
using triply distilled water and P.A. reagents. The optical 
transmittance measurements were carried out in situ using 
5835 J. Appl. Phys. 74 (Q), 1 November 1993 0021-8979/93/74(9)/5835/7/$6.00 @  1993 American Institute of Physics 5835 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:









0 I I 
0 5 IO 15 
f / % 
FIG. 1. Deposition rate r as a function of oxygen molar fraction, 
f(%‘o=p(Oz)/p(Ar+O,) x loo. 
either an optical system with a He-Ne laser beam (/z 
= 632.8 nm) as the light source or a Perkin Elmer Lambda 
9 spectrophotometer, in the wavelength range 0.4-2.5 ,um. 
For the spectrophotometric measurements, the electro- 
chemical cell was placed in the optical path of one of the 
light beams; in the other beam, a similar cell with electro- 
lyte was placed in order to associate to the system cell 
+electrolyte the 100% transmittance value. Some experi- 
ments were also performed with the as-grown samples 
(COO, film/single glass substrate), recording either the 
transmittance or reflectance data. 
III. RESULTS 
A. Characterization of as-sputtered films 
The cobalt oxide films were grown by reactive rf mag- 
netron sputtering, as described in Sec. II. A number of 
different coatings were produced, varying the relevant dep- 
osition parameters. Following a similar procedure as de- 
scribed in an earlier work on nickel oxide based films7 it 
was found that P=150 W and p(Ar+O,) =8.5 mTorr 
were suitable sputtering conditions for COO, films. Differ- 
ent samples were prepared by changing the oxygen molar 
fraction, f( %) =p(02)/p(Ar+02) x 100, in order to 
evaluate the influence of this parameter on the deposition 
rate and on the coatings chemical and structural proper- 
ties. Figure 1 shows the deposition rate Y&S) as a func- 
tion of f for P= 150 W. The deposition rate decreases 
monotonically from r=2.1 A/s at f =3% to r=0.2 A/s at 
f 7 13%. For values off <2% the r values were less than 
2 A/s. Therefore the highest deposition rate is obtained at 
f =3%. We can distinguish three different regions in Fig. 
1, herein called region I (O<f <2%:), region II (2<f 
< 4%), and region III (f > 5-%) . 
Figures 2( a)-2( c) shows the XRD patterns of three 
samples deposited with different values off, grown in con- 
ditions corresponding to the three regions (Fig. 1). The 
nonindexed diffraction maxima belong to the SnO, sub- 
strate. Figure 2(a) corresponds to a sample deposited 
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FIG. 2. XRD diagrams of as-grown samples: (a) Sample grown with 
f=O%; (b) sample grown with f=2.8%, (c) j-=10.5%. 
tion peak was observed at 20=54.35”, which can be as- 
signed to metallic cobalt with hexagonal structure. Figure 
2(b) corresponds to a film obtained at an f value of region 
II. Diffraction peaks were observed at 28=42.70” and 
49.80”, respectively; the ( 111) and (200) crystallographic 
planes of cubic COO, with lattice parameter a=4.25 A. 
Figure 2 (c) shows the diiI?actogram of a film obtained at 
an f value belonging to region III. The indexed diffraction 
maxima are due to (hkl) planes of Co304, having a lattice 
parameter a=8.15 A. Other samples, with f values be- 
5836 J. Appl. Phys., Vol. 74, No. 9, 1 November 1993 Estrada ef al. 5836 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.106.108.134 On: Tue, 23 Jun 2015 14:12:56
k 
b 3, C 
313 011s) 77: 

















FIG. 3. XPS spectrum of as-grown samples: (a) sample grown with 
f=O%; (b) sample grown with f=2.8%; (c) sample grown with 
f = 10.5%. 
longing to the three distinct regions, were also analyzed 
giving similar diffractograms. 
Figure 3 shows the XPS spectra of Co(2p) and 0( 1s) 
lines. Figure 3 (a) (upper and lower part) corresponds to a 
sample grown at region I (f=O, Fig. 1) and presented the 
Co(2~~‘~) line at 781.3 eV, with a shake-up satellite at 6 
eV, situated at higher energies [Fig. 3 (a), upper part]. The 
spin-orbit splitting was 15.7 eV. The O( 1s) line is dupli- 
cated, with the most intense peak at 529.3 eV and the less 
intense at a higher energy (53 1.6 eV> [Fig. 3 (a), lower 
part]. Figure 3(b) (upper and lower part) corresponds to 
a sample grown at region II (Fig. 1). The C0(2p~‘~) line 
[Fig. 3 (b), upper part] is at 780.5 eV, and also shows a 
shake-up satellite at 6 eV. The spin-orbit splitting was 15.9 
eV. The 0( 1s) peak Fig. 3 (b), lower part] is also double, 
with equal peak intensities. Figure 3(c) corresponds to a 
sample grown at region III (Fig. 1 ), and presented the 
C0(2p~‘~) line at 779.7 eV, without satellites, with spin- 
orbit splitting of 15 eV Fig. 3(c), upper part]. The most 
intense line of O( 1s) is at 531.2 eV and the less intense is 
at 529.2 eV [Fig. 3 (c), lower part]. The presence of the 
shake up satellite at energies of the order of 6 eV higher 
than the Co( 2~~‘~) and Co( 2~“~) lines and spin-orbit 
splitting of 16 eV are characteristic of Co (II). A spin-orbit 
splitting of 15 eV is characteristic of Co(II1) 
compounds. 14*15 Then, the spectra shown in Figs. 3 (a) and 
3(b) are identified as Co(I1) compounds and the one 
shown in Fig. 3(c) as a Co( III) compound. The double 
line in the 0( 1s) spectra is also attributed to Co-O bonds 
(lower energy peak) and O-H bonds (higher energy 
peak).14>15 The energy of the C0(2p~‘~) line in Fig. 3 (a) is 
characteristic of Co(OH),, showing up the formation of 
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FIG. 4. Visible/near IR spectra of as-grown samples. Substrate: glass. 
Co0 sample grown with f =2.9%; Co304 sample grown with f = 10.9%; 
Co sample grown with f =O%. 
with the atmosphere. The spectrum shown in Fig. 3(b) 
corresponds to a Co0 compound. 
The as-grown COO, samples were subjected to optical 
measurements. Spectral normal transmittance T and near 
normal reflectance R were measured in the 0.35 <A < 2.5 
pm wavelength interval using a double beam spectropho- 
tometer, as described in Sec. II. Figure 4 show these results 
for COO, deposited on single glass, at the three character-’ 
istic f regions (Fig. 1). Taking into account the results 
described above, the spectra are assigned in the figure as 
Co (sample from region I), Co0 (sample from region II), 
and Co304 (sample from region III). Coating thicknesses 
were 0.05, 0.09, and 0.1 pm, respectively. The Co0 film is 
transparent; the Co304 film is rather absorbing, with a dark 
brown appearance and the Co film is highly absorbing with 
a dark grey metallic appearance (Fig. 4, upper part). Re- 
flectance spectra at the near infrared region shows that the 
metallic coating is 10% more reflective than the Co0 and 
Co304 films (Fig. 4, lower part). Optical properties for 
coatings of the same thickness grown at the three distinct f 
regions (Fig. 1) are found to be similar to those shown in 
Fig. 4. 
B. Electrochemical characterization 
Typical samples, deposited under conditions specified 
in the above selected f regions, were subjected to an elec- 
trochemical treatment in 0.1 M KOH. The monochro- 
matic transmittance was followed in situ, as pointed out in 
the experimental section. Before cycling, the open circuit 
potential was measured. This results is shown in Fig. 5. 
The metallic sample has the most cathodic potential. As f 
increases (oxygen content in the samples increases) the 
potential goes to more anodic values, in qualitative agree- 
ment with the literature.17 For all samples, the triangular 
potential sweep initiated at the respective open circuit po- 
tential. 
5837 J. Appl. Phys., Vol. 74, No. 9, 1 November 1993 Estrada et al. 5837 
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causes an mcrease in the transmittance (Fig. 6, upper 
part), showing that this oxidation is a bulk and not a su- 
perficial process. Two other anodic processes are subse- 
quently seen before oxygen evolution, corresponding to the 
oxidation of the film to higher valence states of Co, 
Co( III). The transition Co (II) --) Co (III) is followed by a 
decrease in transmittance (Fig. 6, upper part). This behav- 
ior is in accordance with the fact that Co304 films are less 
transparent than Co0 (Fig. 4, upper part). At the anodic 
limit of the voltammetry (onset of the oxygen evolution 
reaction) the transmittance attains its minimum value, and 
stabilizes. In the cathodic scan, at least three reduction 
peaksare seen; the transmittance increases in the whole 
cathodic scan range. 
0 -0.2 -0.4 -0.6 -0.8 -I 
E/V vs SCE 
FIG. 5. Open circuit potential as a function of the oxygen molar fraction, 
f (%) =p(O,)/p(Ar+O,) X 100. Electrolyte: 0.1 M KOH. 
Figure 6 (lower part) shows the first voltammetric 
cycles, for three samples (metallic Co, COO, and Co304). 
The corresponding monochromatic transmittance changes 
are shown in the upper part of the figure. 
The open circuit potential for the Co sample is 
E= -0.84 V; a well defined anodic peak is Erst seen in the 
anodic scan, corresponding to the oxidation of metallic Co 
to a Co(I1) oxide (or hydroxide). This oxidation process 
. ------- 
‘1 -1 ‘1 \ \ 
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FIG. 6. Potentiodynamic J/E profiles (lower part) and associated trans- 
mittance changes (d=632.8 nm) (upper part), first cycle. Electrolyte: 
0.1 M KOH, scan rate: 20 mV/s. 
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Considering now the Co0 sample (open circuit poten- 
tial E= -0.15 V), a broad anodic peak, corresponding to 
the oxidation of Co(I1) to Co( III) is seen before oxygen 
evolution (Fig. 6, lower part). Accordingly, the associated 
transmittance decreases. In the cathodic scan three ca- 
thodic peaks are observed, as well as an increase in the 
transmittance. The initial transmittance is -75%, and at 
the end of the cathodic cycle the maximum transmittance 
value decreases a little (T=68%). 
The Co304 sample (open circuit potential E= -0.08 
V) does not show any anodic peak in the first anodic scan, 
but presents a very small associated transmittance change 
(Fig. 6, upper part). Again, the cathodic cycle there are 
three cathodic peaks associated with an increase in the 
transmittance values. 
On continuously cycling, the J/E and T/E profiles 
suffered significant changes. The stabilized profiles, at- 
tained after 40 cycles, are shown in Fig. 7. For all samples, 
two anodic and two cathodic processes show up. The trans- 
mittance also begins to decrease at the potential region of 
the first anodic process ( - -0.2 V) and stabilizes in the 
potential region of the oxygen evolution reaction. The 
transmittance values in the bleached (reduced) state are 
always less than the values of the first cycle (see Fig. 6). 
The transmittance span for the stabilized samples is around 
20%. 
C. Characterization of stabilized films 
The same samples characterized by XRD and XPS 
(Sec. III A) were analyzed after potentiodynamic cycling 
(40 cycles). In these experiments, the potential excursion 
was interrupted at E=O V (Fig. 7) in the anodic cycle. 
Samples were carefully washed with triple distilled water, 
and dried in air. 
The XRD data for all samples showed just one ditfrac- 
tion peak, at 28=23”. A typical result is depicted in Fig. 8. 
This peak can be assigned to CoOOH, indicating that elec- 
trochemical cycling has the effect of changing the as- 
grown, polycrystalline nonhydrated films in a hydrated 
compound, with a less ordered structure when compared 
with the virgin films. 
The XPS spectra for all the stabilized samples were 
very similar. Figure 9 shows a typical result. The Co 2p 
line showed no shake-up satellites and the spin-orbit sepa- 
ration was characteristic of Co (III). The Co 2~~‘~ binding 
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FIG. 7. Potentiodynamic J/E profiles (lower part) and associated trans- 
mittance changes (/2=632.8 nm) (upper part), stabilized cycle. Electro- 
lyte: 0.1 M KOH, scan rate: 20 mV/s. 
energies were around 780.1 ho.3 eV, a value compatible 
with the one presented in Ref. 14, associated with CoOOH. 
The 0 1s line continued to be double but the high energy 
component was now the dominant one, in accordance with 
the results obtained from the XRD experiments described 
above. 
In order to make evident the optically active potential 
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FIG. 8. XRD diagram of a stabilized sample. 
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FIG. 9. XPS spectrum of a stabilized sample. 
trochromic efficiencies in near-equilibrium conditions were 
analyzed by means of in situ spectrophotometric measure- 
ments. The electrochemical cell was placed in the optical 
path of one of the spectrophotometer beams and consecu- 
tive potential steps of 0.05 V were applied to a stabilized 
Co304 sample. After each potential step, the electrical 
charge involved was recorded as well as the transmittance 
spectra. The optical contrast was calculated by subtracting 
the transmittance value at each wavelength for a given 
potential from the spectra obtained at the consecutive ap- 
plied potential. Figure 10 shows the optical contrast, for 
each wavelength and potential, in a three dimensional plot. 
The largest optical contrast was obtained for the potential 
steps E=+0.05 V-+E=+O.l V (AT=lO% at il=800 
nm) and E=+0.25 V-+E=+0.3 V (AT=12% at 
/2= 800 nm). The optical contrast is less than 6% in the 
cathodic potential range. In the visible range, the maxi- 
mum contrast was observed around /2=500 nm. The total 
optical contrast at this wavelength was 30%. 
The electrochromic efficiency q is defined as the ratio 
between the optical density (OD) variation and the asso- 
ciated charge density (Q) :I3 
FIG. 10. Partial optical contrast, as a function of applied potential and 
wavelength. The sample is a stabilized electrode with as grown stoichi- 
ometry of Co,O,. Electrolyte: 0.1 M KOH. 
Estrada et al. 5839 
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tween 0 and 1.3%. In conclusion, the amount of oxygen in 
the gas mixture Ar+O, will determine the structure of 
sputtered cobalt oxide based coatings. We can distinguish 
three different regions in Fig. 1: 
FIG. 11. Electrochromic efficiency as a function of applied potential and 
wavelength. Same sample as in Fig. 10. Electrolyte: 0.1 M KOH. 
(1) 
The potential and wavelength dependence of this pa- 
rameter is shown in Fig. 11 ( Co304 sample). The highest 
electrochromic efficiency (200 cm2/C) is observed at ca- 
thodic potential values (E=-0.3 V/-O.5 V) for small 
wavelengths. Two distinct potential regions with large 7 
appear: the first one for the potential steps E= -0.2 V+E 
= -0.1 V and the second for the potential steps E= +O. 1 
V+E= +0.2 V. After 200 cycles, no changes in the po- 
tentiodynamic and transmittance profiles were observed 
for the stabilized samples. 
IV. DISCUSSION 
It is well known that the sputtering rate from a metal 
target decreases when ~(0~) increases in a gas mixture of 
Ar+o,? Figure 1 shows that r decreases if f goes from 
0% to 1.3%, or if f goes from 4% to 13%. This behavior 
can be ascribed mainly to two effects: target oxidation and 
low sputter yield for O2 compared to Ar.16 However, in the 
interval 2% < f < 4%, there is a slight increase in r. At the 
present stage we do not have an explanation of this effect, 
but it could be due to a low resputtering process for COO, 
which is formed under these conditions, as one can deduce 
from XRD, XPS, and optical data. In fact, XRD and XPS 
dam indicated that for f -3% the structure of the film 
essentially corresponds to COO. 
The XRD, XPS, and optical measurements indicate 
that for high f values (f > 5%) a Co30, structure is 
formed. Obviously, for f =0% the coating is metallic Co. 
As f increases, Co0 probably starts to incorporate into the 
film. This is consistent with the optical properties shown in 
Fig. 4. In fact, for f > 0% the films are less absorbing and 
reflecting than for f =O%. XRD and XPS also show the 
predominance of metallic character of the films for f be- 
(i) region I, 0 < f i 2%: predominance of Co; 
(ii) region II, 2 < f < 4%, predominance of COO; 
(iii) region III, f > 5%: predominance of Co304. 
rf sputtered cobalt oxide films can be obtained in dis- 
tinct stoichiometries by varying the sputtering parameters. 
However, when the samples are subjected to electrochem- 
ical cycling, they undergo successive electrochemical 
oxidation/reduction processes that introduce drastic 
changes in the compounds, as can be seen from the evolu- 
tion of the potentiodynamic profiles (Figs. 6 and 7) and 
from the XRD and XPS results (Sets. III A and III C!). A 
hydration process occurs in the films,’ changing the initial 
nonhydrated, well characterized oxides in compounds pre- 
senting O-H groups. It is rather difficult to assign a clear 
electrochemical reaction to each oxidation/reduction cou- 
ple, since thermodynamic calculations indicate at least 
fourteen possible reactions in the potential range investi- 
gated in this work.i7,‘* Among these electrochemical reac- 
tions, the following have a Co(I1) compound as the ca- 
thodic reaction product: 
COOOH+H~O+~-+C~(OH)~+OH-, E,=+O.Ol V, 
(1) 
CoOOHfe-aCoO+OH-, E,=-0.11 V, (2) 
Co304+H20+2e-j3Co0+20H-, Eo=-0.31 V, 
(3) 
Co304+4H20+2e-+3Co(OH)2, Es=-0.13 V, (4) 
Co02+2H20+2e-jCo(OH)2+20H-, Eo= +0.32 V, 
(5) 
Co02+H20+2e-jCoO+20H-, Eo=+0.26 V. (6) 
In the above reactions, E, is the standard equilibrium 
potential, calculated for a 0.1 M electrolyte and consider- 
ing the saturated calomel electrode as the reference elec- 
trode. 
The main electrochemical processes for the stabilized 
samples are in the 0 V/O.7 V potential range (Fig. 7). In 
the cathodic potential range, an almost constant current 
shows up, beginning at E= -0.05 V for the original Co 
and Co304 sample, and at around E= -0.3 V for the orig- 
inal Co0 sample. These processes could correspond to re- 
actions (2) or (4), or to reaction (3), respectively. How- 
ever, the total cathodic charge in the cathodic potential 
range is much lower than the total cathodic charge in the 
anodic potential range (Fig. 7). This fact shows that the 
electrodes at the end of the cathodic scan hardly attain a 
full Co (II) oxide/hydroxide stoichiometry, being probably 
a mixture of Co(II)/Co(III) compounds. Also it has to be 
noticed that the stabilized fihns have a transmittance in the 
reduced (bleached) state that is always less than the values 
attained in the first cycle (Figs. 6 and 7). As the as-grown 
Co( II) films presented the higher transmittance values 
(Fig. 4) the decrease in the bleached state transmittance 
5840 J. Appl. Phys., Vol. 74, No. 9, 1 November 1993 Estrada et al. 5840 
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for stabilized samples also indicate that the film is never 
completely reduced to a Co (II) compound. 
On the other hand, the optical contrast results (Fig. 
10) indicate that the optically active electrochemical pro- 
cesses are mainly in the anodic potential range and should 
correspond, accordingly, to thermodynamic data, to tran- 
sitions between different compounds of Co(II1) and 
Co(IV), or mixtures (e.g., transitions like Co304 
-+ CoOOH or C&O., -+ Co02). However, the highest values 
of the electrochromic efficiency parameter (Fig. 11) are in 
the cathodic range for all wavelengths. The reason for this 
apparent discrepancy is on the definition of this parameter 
CEq. (l)]. Since the optical density variation is low, as well 
as the electrical charge in the cathodic potential region, the 
corresponding q value is high. Then, for practical pur- 
poses, we have to consider not only the highest values of 
electrochromic efficiency but also the optical contrast. In 
this case, the optically active region is the anodic region, 
since the electrochromic reactions in this potential range 
have the highest optical contrast and the electrochromic 
efficiencies are comparable to the values obtained for other 
transition metal oxide electrochromic materials. 
V. CONCLUSIONS 
In this work, cobalt oxide films were grown by rfsput- 
tering. The oxygen content of the films was shown to de- 
pend strongly on the deposition parameters. Electrochem- 
ical cycling in aqueous media changed the originally 
different films into hydrated compounds, with similar sto- 
ichiometries. After around forty cycles, the films were sta- 
ble and presented electrochromic behavior with efficiencies 
comparable with other electrochromic materials. Work is 
in progress to investigate the electrochromic properties of 
these films in nonaqueous media. 
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